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We describe a novel transgene insertional mouse mutant with skeletal abnormalities characterized by a kinked tail and
severe curvature of the spine. The disrupted locus is designated kkt for “kyphoscoliosis kinked tail.” Malformed vertebrae
including bilateral ossification centers and premature fusion of the vertebral body to the pedicles are observed along the
vertebral column, and the lower thoracic and lumbar vertebrae are the most affected. Some of the homozygous kkt neonates
displayed two backward-pointing transverse processes in the sixth lumbar vertebra (L6) that resembled the first sacral
vertebra, and some displayed one forward- and one backward-pointing transverse process in L6. The fourth and fifth
sternebrae were also fused, and the acromion process of the scapula was missing in kkt mice. The skeletal abnormalities are
similar to those observed in the mouse mutant undulated (un). The transgene is integrated at the distal end of chromosome
2 close to the Pax1 gene, as revealed by FISH analysis. However, mutation of the Pax1 gene is responsible for the un
phenotype, but the Pax1 gene in the kkt mice is not rearranged or deleted. Pax1 is expressed normally in kkt embryos and
in the thymus of mature animals, and there is no mutation in its coding sequence. Thus, the skeletal abnormalities observed
in the kkt mutant are not due to a lack of functional Pax1. Mouse genomic sequences flanking the transgene and PAC clones
spanning the wild-type kkt locus have been isolated, and reverse Northern analysis showed that the PACs contain
transcribed sequence. Compound heterozygotes between un and kkt (un1/2/kkt1/2) display skeletal abnormalities similar to
those of un or kkt homozygotes, but they have multiple lumbar vertebrae with a split vertebral body that is more severe than
in homozygous un or kkt neonates. Furthermore, the sternebrae are not fused and no backward-pointing transverse
rocesses are detected in L6. It is therefore apparent that these two mutations do not fully complement each other, and we
ropose that a gene in the kkt locus possesses a unique role that functions in concert with Pax1 during skeletal
evelopment. © 2000 Academic Press
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Skeletal development is a multistep process that involves
cell migration to establish skeletal patterning, cell-to-cell
interactions, the commitment of mesenchymal and other
precursor cells to different cell lineages, and terminal dif-
ferentiation that gives rise to special cell types. The axial
skeleton is originally derived from sclerotomal cells of the
metameric series of somites. During vertebrate develop-
ment, paraxial mesodermal cells flanking the neural tube
condense to give rise to the segmented somites. As the
somites mature, the cells compartmentalize to form the
mesenchymal sclerotome and epithelial dermamyotome.
The dermamyotome will form the dermatome and myo-
tome, from which cells differentiate into dermis and con- s
354ective tissue and into muscle, respectively. The scle-
otome eventually gives rise to the cartilage and skeletal
tructures of the trunk. The anlagen of vertebral bodies and
ntervertebral discs are derived from cells that originate
rom the medial sclerotome, whereas cells in the lateral
clerotome give rise to pedicles, the laminae of neural
rches and the ribs (Gossler and Harbe de Angelis, 1998).
Many mouse mutants associated with different skeletal
bnormalities have been identified initially by an abnormal
ail (Gruneberg, 1963). These mouse mutants have played a
ey role in furthering our understanding of the molecular
nd cellular events underlying skeletal development. One
f these mutants, undulated (un), displays a missing acro-
ion of the scapula, as well as a kinked tail and otherkeletal abnormalities. The molecular defect of un is a
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355Modifier of Pax1point mutation in Pax1 (Balling et al., 1988), which severely
reduces the DNA binding activity of this sequence-specific
transcription factor (Chalepakis et al., 1991). Pax1 is the
earliest sclerotomal marker and is activated at the onset of
somitic differentiation. Later during development, Pax1 is
expressed in the anlagen of the intervertebral discs and its
expression declines by embryonic day (E) 16.5 and is not
detected in any cartilaginous or skeletal elements after
birth (Deutsch et al., 1988). In addition to the development
of cartilaginous structures (Wallin et al., 1994; Dietrich and
Gruss, 1995; Timmons et al., 1994), Pax1 also plays an
important role in T-cell maturation and is expressed in the
thymus during development and after birth (Wallin et al.,
1996).
Two other alleles of un, undulated-extensive (unex) and
undulated-short tail (Uns), are deletion mutants that are
henotypically more severe than un. While un and unex are
recessive, Uns is semidominant with a clear phenotype in
eterozygotes, and homozygous animals die perinatally.
tructural analysis of Pax1 reveals that there is a deletion of
t least 28 kb that removes the fifth exon encoding the
arboxyl-terminus of the Pax1 protein and the polyadenyl-
tion signal in unex. In the Uns mutant, there is a deletion of
t least 100 kb including the entire Pax1 gene locus (Wallin
t al., 1994; Dietrich and Gruss, 1995; Wilm et al., 1998).
ecently, Pax1 has been inactivated in ES cells to create a
efined null mutation, and mice lacking Pax1 display a
phenotype that is identical to unex but is much less severe
han in Uns. This result clearly indicates that at least one
other gene is affected in the Uns mutant in addition to Pax1
(Wilm et al., 1998).
Insertional mutagenesis caused by the integration of
transgene DNA into endogenous genes is a relatively com-
mon event in transgenic mice (Meisler, 1992; Rijkers et al.,
1994; Woychik and Alagramann, 1998). The analysis of
such mutants has led to the identification and isolation of
genes involved in growth and development and various
physiological functions. It has also led to the identification
of genes corresponding to previously known mouse mu-
tants, including limb deformity (Woychik et al., 1985,
990), microphthalmia (Hodgkinson et al., 1993), fused
Perry et al., 1995; Zeng et al., 1997), reeler (Miao et al.,
1994; D’Arcangelo et al., 1995), dystonia musculorum
(Kothary et al., 1988; Brown et al., 1995), and motor
endplate disease (Kohrman et al., 1995; Burgess et al., 1995),
as well as to novel mutants such as amnionless (Wang et al.,
1996) and heart defect (Mjaatvedt et al., 1998). In the
present report, we describe the characterization of a novel
insertional mouse mutant with skeletal abnormalities. The
mutant mice develop kyphoscoliosis and display a kinked
tail. We have designated the mutant locus kkt for “kypho-
scoliosis kinked tail” to reflect the phenotype. The skeletal
abnormalities of the mutant mice are similar to the undu-
lated mouse mutants. However, the Pax1 gene is not
affected and we propose that another closely linked gene is
disrupted in the kkt mutant. S
Copyright © 2000 by Academic Press. All rightMATERIALS AND METHODS
Mice. Transgenic mice were generated by the microinjection of
a linearized 7.3-kb DNA fragment containing myogenin-human
myf5-IRES-LacZ-SV40 poly(A) sequence into one-cell mouse em-
bryos isolated from C57BL6/CBA F1 hybrids. The transgenic
mouse line was maintained by intercrossing with C57BL6/CBA F1
hybrids. Undulated mice were purchased from The Jackson Labo-
ratory and maintained on the C57BL6 genetic background.
Genotyping of transgenic mice. DNA isolated from tail biop-
sies was used for genotyping. The founder mouse was initially
identified by Southern blot analysis and mice derived from this
transgenic line were identified by PCR, as described by Yee and
Rigby (1993). The primer pair LZE (59-CCA TTA CCA GTT GGT
CTG G-39) and STB (59-GAT GAG TTT GGA CAA ACC AC-39)
amplifies a 752-bp fragment specific to the transgene.
Skeletal analysis. Neonates were sacrificed, skinned, and evis-
cerated, and whole-mount Alizarin Red stain skeletons were pre-
pared according to Selby (1987).
Southern, Northern, and reverse Northern blot hybridization.
Genomic DNA was isolated from tail biopsies according to Hogan
et al. (1994). After restriction digestion of 5–10 mg of DNA, the
amples were fractionated by agarose gel electrophoresis and trans-
erred to nylon membranes (Magna). The membrane was hybrid-
zed with 32P-labeled Pax1 cDNA and then exposed to a phospho-
mager screen (Molecular Dynamics). Total RNA was isolated from
hymus by the method of Chomczynski and Sacchi (1987) and 20
mg was fractionated by formaldehyde agarose gel electrophoresis,
blotted onto nylon membranes (Magna), and hybridized with
32P-labeled full-length Pax1 cDNA. The blot was washed and then
exposed to a phosphoimager screen. It was rehybridized with
mouse GAPDH cDNA as probe for internal loading control with-
out removal of the initial probe. All probes were labeled by random
priming using [a-32P]dCTP and purified using G50 spin columns
Amersham Pharmacia Biotech).
For reverse Northern blot analysis, poly(A)-selected RNA was
solated from total RNA using PolyA Track (Promega) and 250 ng
as labeled using reverse transcriptase in the presence of 100 mCi
f [a-32P]dCTP. The labeled total cDNAs were then purified using
a G50 spin column. Restriction enzyme-digested plasmid or PAC
DNA was fractionated by agarose gel electrophoresis and trans-
ferred to nylon membranes. The membranes were hybridized
overnight at 65°C with labeled total cDNAs as probe, washed twice
with 23 SSC, 0.1% SDS at room temperature, twice with 0.13
SSC, 0.1% SDS at 65°C, and then exposed to a phosphoimager
screen.
Whole-mount RNA in situ hybridization. Embryos were col-
lected, dissected free of extraembryonic membranes in phosphate-
buffered saline (PBS), and fixed overnight at 4°C in freshly prepared
4% paraformaldehyde PBS. Whole-mount in situ hybridization was
performed according to Conlon and Rossant (1992). A Pax1 ribo-
probe was generated from a SacI–EcoRI fragment of the Pax1 39
untranslated region using digoxigenin-11–UTP (Roche Biomedical).
Molecular cloning and DNA analysis. Genomic DNA was
isolated from kkt mouse liver, partially digested with MboI, and
then subjected to sucrose gradient centrifugation for size fraction-
ation. DNA fragments between 15 and 25 kb were pooled for the
preparation of a genomic library using the Lambda FIX vector
(Stratagene). Approximately 106 recombinant phage were screened
ith a transgene probe, and positive clones were examined by
outhern blot analysis using a transgene probe. Clones containing
s of reproduction in any form reserved.
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356 Bialek, Chan, and Yeefragments that did not hybridize to the transgene were analyzed to
identify mouse genomic sequences flanking the transgene.
Fluorescence in situ hybridization (FISH). Metaphase chromo-
some spreads were prepared from E13.5 fibroblasts isolated from
transgenic animals, and mapping was performed using a LacZ-SV40
sequence labeled with biotin. Specific signals were detected with
avidin–fluorescein isothiocyanate (FITC) and the chromosomes
were counterstained with propidium iodide and 49,6-diamidine-2-
phenylindol dihydrochloride (DAPI). Dual-color FISH studies were
performed using biotinylated murine chromosomal paint and
digoxigenin-labeled LacZ-SV40 probe. The samples were then
incubated with avidin–FITC (yellow-green) to visualize chromo-
somal paint and anti-digoxigenin rhodamine (red) to detect the
transgene. The dual-color FISH was performed on both metaphase
chromosomes and interphase nuclei, which spreads were counter-
stained with DAPI only.
RESULTS
Phenotypic characterization of kkt mice. The kkt
transgenic mouse line was produced by microinjection of a
7.3-kb fusion gene in which the myogenin promoter was
used to direct expression of a human myf5 cDNA-IRES-
LacZ bicistronic transcript. Heterozygous animals contain
about 15 copies of the transgene in a single array as
determined by Southern blot analysis. At least one copy of
the transgene is in a head-to-head arrangement with the
left- and rightmost ends of the array comprising the 39
transgene sequences (data not shown). Low-level transgene
expression is detectable in the myotomes and musculature
during development and after birth, but there are no appar-
ent abnormalities in the muscle of these animals (Bialek
and Yee, in preparation). The heterozygous animals appear
to be normal and fertile, but about 10% of them display a
mild distal undulation in the tail, which becomes obvious
only later in life. When heterozygous transgenic mice (with
or without a mild tail kink) are mated, approximately 25%
of the offspring display a kinked tail characterized by severe
undulation. The phenotype affects both sexes and cosegre-
gates with the transgene in Mendelian proportions, indicat-
ing that the mutation is autosomal recessive. Although the
extent of the tail kinks varies, all homozygous transgenic
offspring (over 500) display a similar phenotype. No other
transgenic mouse lines carrying the same bicistronic trans-
gene display any skeletal abnormalities. Furthermore, we
have also generated several bitransgenic lines containing
myogenin-human myf 5 and myogenin-LacZ bitransgenes,
and high levels of human myf 5 and bacterial
b-galactosidase are expressed in muscle in these animals,
but none of them display any skeletal abnormalities (Bialek
and Yee, in preparation). Taken together, these results
indicate that the transgene products per se do not account
for the skeletal abnormalities in the mutant line, and we
conclude that their phenotype is due to disruption of an
endogenous locus by the transgene sequences.
X-radiographic analysis of an 8-week-old homozygous
mutant male also revealed kyphoscoliosis characterized by
Copyright © 2000 by Academic Press. All rightsevere mediolateral and dorsoventral curvature of the
ertebral column in the thoracic and lumber region (Fig. 1).
ased on this initial phenotype, we have designated the
utant locus kkt for kyphoscoliosis kinked tail to reflect
he observed phenotype. Homozygous kkt mice are smaller
han their heterozygous or wild-type littermates and some
f these mice have difficulties in breathing. They are fertile,
ut females have reduced fecundity so that pregnancies are
are and litters are small (four or fewer pups).
To further investigate the skeletal phenotype of the kkt
ice, whole-mount skeletons were prepared from newborn
omozygous mutant and wild-type neonates and were
tained with Alizarin Red. Skeletal abnormalities were
bserved along the vertebral column with the most severe
bnormalities in the lower thoracic and lumbar vertebrae
Fig. 2). Close examination of representative vertebrae re-
ealed that the ossification center of the second cervical
ertebra (C2) was enlarged in kkt (Fig. 2I) compared to
ild-type neonates (Fig. 2A), both tuberculae were absent,
nd the transverse foramina were ventrally opened. In the
econd thoracic vertebra (T2), the vertebral body was fused
o the pedicles in kkt neonates (Fig. 2J), while it was still
separated from the pedicles by cartilage in their wild-type
counterpart (Fig. 2B). In the lower thoracic and lumbar
vertebrae of wild-type neonates, there was only one ossifi-
cation center that was well separated from the pedicles by
cartilage (Figs. 2C to 2H). However, the most severe anoma-
lies in the kkt neonate exist in the lower thoracic and
lumbar vertebrae (Figs. 2K to 2V). Bilateral twin ossification
centers fused to the pedicles were observed in the lower
thoracic and all lumbar vertebrae. The fourth and fifth
lumbar vertebrae (L4 and L5) had either a split or a severely
notched vertebral body (Figs. 2K, 2L, 2Q, and 2R), and none
of the homozygous kkt neonates examined so far (.50)
displayed a split vertebral body in multiple vertebrae. In
wild-type neonates, the caudalmost lumbar vertebra (L6)
has two forward-pointing transverse processes (Figs. 2C and
2E), while the first sacral vertebra (S1) has two backward-
pointing transverse processes (Figs. 2C and 2G). In about
40% of the kkt neonates, L6 had two backward-pointing
transverse processes (Figs. 2K and 2M) resembling S1 (Fig.
2G), and in 10% of the kkt neonates L6 had one forward-
and one backward-pointing transverse process (Figs. 2Q and
2S). In the remaining 50% of kkt neonates, L6 had two
forward-pointing transverse processes (data not shown).
The rib and S1 (compare Figs. 2O and 2U to 2G, Figs. 2P and
2V to 2H) both appeared to be normal in kkt neonates.
However, in most kkt neonates, one of the most caudal ribs
(R13) was fused to the pedicle of the vertebra (data not
shown).
The sternum of wild-type neonates displayed six well-
separated ossified sternebrae with the ribs attached to the
cartilaginous intersternebrae (Fig. 3A). However, in kkt
neonates the fourth and fifth sternebrae were fused (Fig. 3B),
and multiple sternebrae were occasionally fused together
(data not shown) due to ossification of the corresponding
intersternebrae. In the shoulder girdle of wild-type animals,
s of reproduction in any form reserved.
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357Modifier of Pax1the spina scapula arises from the scapula blade and extends
laterally to form the acromion with the chrondrified pro-
cess connected to the clavicle. The scapula blade extends
laterally to form the coracoid process that is connected to
the humerus (Fig. 3C). In the kkt neonate, the most striking
nomaly was that the acromion process of the scapula was
issing (Fig. 3D). The length and structure of the appen-
icular bones seemed to be normal, and no obvious abnor-
alities were detected in the craniofacial skeleton of the
kt neonates, but the neurocranium appeared to be flatter
nd displayed a snub-nosed appearance compared to normal
nimals (data not shown).
Molecular analysis of the Pax1 gene in kkt mice. The
keletal abnormalities, especially the missing acromion of
he scapula, observed in the kkt mice are similar to those
described for the mouse mutant undulated (un). The muta-
tion in un has been mapped to the Pax1 gene (Balling et al.,
1988). We therefore explored the possibility that a mutation
in Pax1 is also responsible for the kkt phenotype. The
integrity and expression of the Pax1 gene in kkt mice was
examined using Southern and Northern blot analysis and
FIG. 1. Analysis of a homozygous transgenic mouse skeleton. Ho
kinked tail. X-radiographic analysis of an 8-week-old homozygou
curvature of the spine.whole-mount RNA in situ hybridization. The Pax1 gene
Copyright © 2000 by Academic Press. All rightontains five exons within about 12 kb of genomic DNA
Dietrich and Gruss, 1995), and our Southern analysis al-
owed examination of the entire Pax1 gene, including ap-
roximately 2 and 4 kb of 59 upstream and 39 downstream
equences, respectively. The restriction pattern of the Pax1
ene in the kkt mutant was indistinguishable from that of
ild-type animals (Fig. 4A), which indicates that there is no
bvious deletion or rearrangement of the Pax1 gene in kkt
ice.
Expression of Pax1 in kkt mice was examined by North-
ern blotting and whole-mount RNA in situ hybridization.
Since Pax1 is expressed only in the thymus after birth, total
RNA was isolated from the thymus of wild-type mice, as
well as heterozygous and homozygous kkt mice. Pax1
mRNA was present in both homozygous and heterozygous
kkt animals and its level and size were the same as in
wild-type mice (Fig. 4B). In addition, whole-mount RNA in
situ hybridization was used to demonstrate that the pat-
terns of Pax1 expression in the sclerotomes of kkt and
wild-type embryos are identical (Fig. 4C). Although whole-
mount RNA in situ hybridization signal intensity does not
ygous transgenic animals develop kyphoscoliosis in addition to a
nsgenic male reveals severe mediolateral (A) and dorsoventral (B)provide a quantitative measure of the level of expression,
s of reproduction in any form reserved.
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359Modifier of Pax1Pax1 transcript signals in the homozygous kkt embryos
were comparable to those in wild-type embryos. These
results suggest that Pax1 expression is unaffected in the kkt
mice either during embryo development or after birth.
Furthermore, a cDNA containing the coding sequence of
Pax1 was prepared by RT-PCR from kkt animals and
FIG. 3. Skeletal analysis of the sternum and scapula. Ventral view
of the sternum shows that the sternebrae (St) are well separated b
cartilaginous intersternebrae and ribs in the wild type (A), while St
and St5 are fused by ossified elements in kkt (B). Scapula and clavicl
preparations of wild-type (C) and kkt (D) neonates show that th
cromion of the scapula is missing. a, acromion, c, clavicle; cp
oracoid process; sc, spina scapula.
FIG. 2. Analysis of skeletal elements of wild-type and homozygo
(A to H) and homozygous kkt (I to V) newborn neonates. Anterior vi
to form the transverse foramina in the wild-type neonate (A), and in
are ventrally opened with an enlarged ossification center (I). The oss
of T2 by cartilage in the wild type (B), and it is already fused to th
from T13 to S1 shows normal forward-pointing pedicles in the lum
be seen in the lower lumbar region of kkt with malformed vertebra
and a split or severely notched vertebral body can be seen in L4 or
of the vertebral column. The anterior view of L4 shows that the ve
it is already fused to the pedicles in kkt (L, R). Ventral views of
wild-type (E), and two backward-pointing transverse processes (M)
one backward-pointing transverse process (S) are seen in kkt. Anter
pedicles by cartilage in wild type (F), it is already fused with the pe
U) show both transverse processes are backward pointing. Anterio
is mildly affected in kkt with a reduced vertebral body that is barel
tp, transverse process; vb, vertebral body. Backward-pointing transvers
Copyright © 2000 by Academic Press. All righequencing analysis did not reveal any deletions or point
utations (data not shown). Taken together, these results
emonstrate that the skeletal abnormalities observed in the
kt mutant are not due to a lack of functional Pax1.
Complementation testing. To further investigate the
relationship between the kkt mutant locus and the un
mutation we performed genetic complementation analysis
by crossing homozygous kkt mutant mice with un homozy-
gotes to generate kkt1/2/un1/2 compound heterozygous ani-
mals. A total of 40 compound heterozygous animals were
examined and all of them displayed skeletal abnormalities.
Whole-mount skeletal preparations of the compound het-
erozygous neonates revealed anomalies in the vertebrae,
including bilateral ossification centers in the lower thoracic
and lumbar vertebrae (Fig. 5A). However, the ossification
centers were not fused to the pedicles except those in the
lower lumbar region. A split vertebral body could be seen in
multiple vertebrae between L2 and L5, and this was far more
severe than in either kkt or un homozygotes. As in wild-type
neonates, the transverse processes of L6 in the compound
heterozygous neonates were all forward pointing. Interest-
ingly, the sternum appeared to be normal and the fourth and
fifth sternebrae were not fused (Fig. 5B). They also displayed
a much reduced acromion in the scapula (Fig. 5C). In general,
the phenotype of the kkt1/2/un1/2 compound heterozygote
as similar to that of the un mice, but milder than in kkt
eonates, except that a split vertebral body was observed in
ultiple lumbar vertebrae. This result indicated that the
kt and un mutations do not fully complement each other.
Since the genomic structure and expression of Pax1 were not
altered in the kkt animals, this appears to be a nonallelic
noncomplementation between the un and the kkt loci.
Molecular cloning of the kkt locus. To clone the mutant
locus and the corresponding wild-type genomic region, a
genomic DNA library was prepared in bacteriophage l using
NA isolated from homozygous kkt mice. The library was
creened using the transgene sequence as probe, and over 40
ositive clones were obtained. Several clones containing
kt neonates. Whole-mount skeletons were prepared from wild-type
f C2 shows that the tubercula is fused with the transverse processes
C2 of kkt both tuberculae are missing and the transverse foramina
ation center of the vertebral body is well separated from the pedicles
dicles in T2 in kkt (J). Ventral view of the lower vertebral column
vertebrae of the wild type (C), and the most severe anomalies can
ntaining bilateral ossification centers that are fused to the pedicles,
K, L, and Q). The individual vertebra are indicated on the right side
ral body is well separated from the pedicles in the wild type (D), but
how that both of the transverse processes are forward-pointing in
mbling the S1 (G) or a partial transformation with one forward- and
iews of L6 show that while the vertebral body is separated from the
es in kkt (N, T). Ventral views of S1 in wild type (G) and kkt (O and
w of S1 in wild type (H) and kkt (P and V) shows that the vertebra
ed with the pedicles. os, ossification center; p, pedicle; t, tubercula;y
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360 Bialek, Chan, and Yeeboth mouse and transgene DNA sequences were identified
by Southern blot analysis of the phage DNA. These clones
were further analyzed by determining the DNA sequence of
both ends of the inserted genomic sequence to confirm their
identity. Genomic fragments flanking both ends of the
transgene cluster were subcloned into the pBluescript/KS
vector, and DNA sequences were determined to identify
mouse genomic DNA. The results revealed that the trans-
gene cluster was juxtaposed to a series of TTC repeats at
one end and mouse intracisternal A particle sequences at
the other end. We were able to obtain unique mouse
genomic sequences from both flanking regions. The unique
FIG. 4. Structural integrity and expression of the Pax1 gene in kk
gene in kkt mice. Genomic DNA was isolated from tail biopsies of w
A Southern blot with 10 mg of genomic DNA digested with XbaI
hybridized with a 32P-labeled full-length Pax1 cDNA probe. Autorad
(Molecular Dynamics). (B) Northern blot analysis of Pax1 transcr
heterozygous (lane 2), and homozygous (lane 3) kkt littermates,
transferred onto nylon membrane, and probed with a Pax1 cDN
rehybridized (without removal of the Pax1 probe) with a GAPDH c
of E10.5 wild-type (top) and homozygous kkt embryos (bottom) usin
expression in the somites. No signal was detected using a Pax1 sesequence probe proximal to the TTC repeats hybridized to
Copyright © 2000 by Academic Press. All rightestriction fragments of different sizes in wild-type and
omozygous kkt DNA (Fig. 6). Furthermore, this probe
detected fragments from transgenic animals with sizes of
the predicted host flanking sequences (data not shown).
Thus the unique sequence probe represents mouse DNA
flanking the transgene.
The unique sequence probes flanking both ends of the
transgene cluster were also used to screen a 129 mouse
genomic PAC library, and six overlapping clones spanning
the corresponding genomic region of the transgene preinte-
gration site were isolated. Three of the six clones were
positive with both probes, indicating that the genomic
wild-type mice are the same. (A) Molecular structure of the Pax1
type (lanes 1, 3, and 5) and homozygous kkt (lanes 2, 4, and 6) mice.
s 1 and 2), EcoRI (lanes 3 and 4), and BamHI (lanes 5 and 6) was
phy was performed by exposing the blot to a phosphoimager screen
otal RNA was extracted from the thymus of wild-type (lane 1),
20 mg of RNA was fractionated by agarose gel electrophoresis,
After exposure to a phosphoimager screen, the membrane was
as a loading control. (C) Whole-mount RNA in situ hybridization
antisense Pax1 digoxigenin-labeled riboprobe, showing strong Pax1
iboprobe (data not shown).t and
ild-
(lane
iogra
ipt. T
and
A.
DNA
g ansequences flanking both ends of the transgene were colinear
s of reproduction in any form reserved.
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361Modifier of Pax1with respect to the corresponding wild-type genomic se-
quence. Southern blot analysis of these clones, and a
comparison with the wild-type and kkt genomic DNA
restriction maps, suggested that a small deletion of less
than 10 kb exists at the transgene integration site (data not
shown).
The unique sequence probes derived from the flanking
sequences have also been used in Southern blotting to
investigate two BAC clones containing the Pax1 genomic
equence. The two BAC clones contain about 85 and 65 kb
f genomic sequence upstream and downstream of the Pax1
gene, respectively. Our result showed that the transgene
flanking sequences were not present in these two BAC
clones. Furthermore, these two BACs did not overlap with
PAC clones spanning the kkt locus (Bialek and Yee, unpub-
ished results).
We have also performed a reverse Northern blot anal-
FIG. 5. Skeletal structures of un1/2/kkt1/2 compound heterozygou
S2. Individual vertebra are indicated on the right side of the verteb
ossification centers that are not completely fused to the pedicles a
L4, and L5. The transverse processes in L6 are pointing forward a
sternum appears to be normal (compare Fig. 3A) and St4 and St5 a
shown) neonates. (C) The acromion of the scapula is severely redusis to determine whether one of our PAC clones (PAC
Copyright © 2000 by Academic Press. All right07) contains transcribed sequences from the kkt locus
Fig. 7). Since skeletal abnormalities, including the miss-
ng acromion of the scapula, can be readily observed in
hole-mount skeletal preparations of E14.5 to E15.5
omozygous kkt embryos (Bialek and Yee, unpublished
esult), it is likely that the candidate gene is expressed in
nimals prior to or at this stage of development. To this
nd, PAC 407 DNA was digested with SstI, and a full-
ength Pax1 cDNA was released from its cloning vector
y EcoRI digestion as a positive control for reverse
orthern blotting. DNA fragments were fractionated by
garose gel electrophoresis, transferred to nylon mem-
rane, and hybridized to 32P-labeled cDNA probes pre-
pared from poly(A)-selected RNA extracted from E13.5
wild-type embryos. The labeled E13.5 cDNA probes de-
tected a 4.5-kb SstI fragment in PAC 407 (lane 4), as well
as the full-length Pax1 cDNA (lane 5). To determine
nates. (A) Ventral view of the lower vertebral column from T13 to
olumn. The ossification centers in L1 are indicted as oc. Bilateral
sent in the vertebrae, and a split vertebral body is observed in L3,
icated by blue arrowheads. (B) Ventral view of the sternum. The
t fused as observed in homozygous kkt (Fig. 3B) and un (data not
n the un1/2/kkt1/2 compound heterozygous neonates.s neo
ral c
re pre
s ind
re nowhether the transcribed sequence from PAC 407 is also
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362 Bialek, Chan, and Yeepresent in kkt mice, 32P-labeled cDNA prepared from
E13.5 homozygous kkt embryos was used for hybridiza-
ion. The kkt cDNA probe detected the full-length Pax1
cDNA (lane 10), but no signal was observed with PAC
407 DNA (lane 9). The slightly lower signal intensity of
the Pax1 cDNA obtained by kkt cDNA probes likely
represented differences in specific activity of the probes
rather than a lower level of Pax1 mRNA in E13.5 kkt
embryos. These results suggest that PAC 407 contains an
exonic sequence that is not transcribed in E13.5 homozy-
gous kkt embryos. Furthermore, Pax1 mRNA was present
in E13.5 homozygous kkt embryos, consistent with our
finding that Pax1 is expressed in developing kkt embryos.
Mapping the kkt locus. FISH analysis was performed to
etermine the chromosomal location of the kkt locus and
the transgene integration site. A 3.5-kb DNA fragment
containing the LacZ-SV40 sequence was used as probe and
the results show that the transgene integrated at a single
site in chromosome 2 (Figs. 8A and 8B). The signal was
FIG. 6. Southern blot analysis of transgene flanking sequences.
Genomic DNA was isolated from tail biopsies of homozygous kkt
lanes 1, 3, and 5) and wild-type (lanes 2, 4, and 6) mice, and 10 mg of
DNA was digested with EcoRI (lanes 1 and 2), PstI (lanes 3 and 4), or
SstI (lanes 5 and 6). The digested DNA was fractionated by agarose gel
electrophoresis, transferred to a nylon membrane, and then probed
with a 32P-labeled 375-bp mouse genomic sequence flanking the
transgene cluster. Autoradiography was performed by exposing the
blot to a phosphoimager screen (Molecular Dynamics).localized at the border of the G band and the proximal end
Copyright © 2000 by Academic Press. All rightf the H band (2G3–H1) (Fig. 8C). There was no obvious
ranslocation between chromosome 2 and other chromo-
omes in the kkt mice, as revealed by a probe specific for
hromosome 2 (Fig. 8B). The Pax1 gene has been localized
to the distal end of chromosome 2 (Fisher, 1949; Balling et
al., 1988; Dressler et al., 1995), and it appears that the
transgene integrated very closed to the Pax1 gene compar-
ing the cytogenetic map of the transgene integration site
and the genetic map of Pax1.
FIG. 7. Detection of transcribed sequences in the kkt locus.
uplicate samples of HindIII/EcoRI-digested l phage DNA size
markers (lanes 1 and 4), 1 mg of SstI-digested PAC 407 (lanes 2 and
), and 1 mg of a full-length Pax1 cDNA digested with EcoRI (lanes
3 and 6) were fractionated by agarose gel electrophoresis and
visualized by ethidium bromide (EtBr) staining under UV light.
After transfer to a nylon membrane (MagnaCharge), lanes 2 and 3
and lanes 5 and 6 were hybridized with 32P-labeled total cDNA
probes derived from mRNA extracted from E13.5 wild-type and
homozygous kkt embryos, respectively. The cDNA probes were
prepared by reverse transcription in the presence of 100 mCi of
a-32P]dCTP using ;250 ng of poly(A)-selected RNA as templates.
The blots were exposed together using a phosphoimager screen
(Molecular Dynamics) overnight. Both labeled cDNA probes pre-
pared from E13.5 wild-type and homozygous kkt detected the
full-length Pax1 cDNA in lanes 3 and 6, respectively. However,
only the labeled cDNA probe prepared from E13.5 wild-type
poly(A)-selected RNA detected a 4.5-kb SstI fragment from PAC
407 (lane 2 vs 5).
s of reproduction in any form reserved.
b
m
ocali
363Modifier of Pax1DISCUSSION
During our studies we have identified a mouse mutant
with skeletal abnormalities, which we have designated kkt
to reflect its phenotype. The skeletal abnormalities ob-
served in the kkt mice are obviously not a secondary
response to any muscle anomalies, because they are readily
detectable in kkt neonates and in kkt embryos as early as
E14.5 (Bialek and Yee, unpublished results). Moreover,
abnormalities such as bilateral ossification centers, mal-
formed vertebrae, fusion of sternebrae, and missing acro-
mion of the scapula are all indications of anomalies during
skeletal development and are not associated with any
muscle phenotype.
The kkt mutant mice were initially identified by a
characteristic kinked tail, and X-radiographic analysis
showed that these mice also develop kyphoscoliosis.
Whole-mount skeletal preparations revealed anomalies in
the vertebrae, fusions of the fourth and fifth sternebra in the
sternum, and a missing acromion process in the scapula.
These phenotypic alterations are similar, but not identical,
to the different alleles of undulated mouse mutants. In
addition, undulated mice lack intervertebral discs (Dietrich
and Gruss, 1995; Wallin et al., 1994) and occasionally have
fusion of the vertebrae in the adult (Gruneberg, 1963). In the
kkt mice, there are no obvious abnormalities or loss of
intervertebral discs, and we have not detected any fusion of
the vertebrae. Furthermore, the backward-pointing trans-
verse processes of L6 observed in the kkt mice have not
been described in any of the undulated mutants. While the
penetrance of the skeletal abnormalities is 100%, transfor-
mation of L6 to S1 was observed in only 40% of the kkt
mice, and 10% of the kkt mice display a partial transfor-
mation with only one backward-pointing transverse process
FIG. 8. FISH analysis of the transgene integration site. (A) Met
homozygous embryos and probed with a transgene sequence. (B) Spe
2 with no obvious translocation of chromosome 2. (C) Signals were lin L6. This incomplete penetrance suggested that the phe-
Copyright © 2000 by Academic Press. All rightnotype could be influenced by genetic background effects.
In addition, our preliminary histological analysis showed
that the thymus of kkt homozygous mutants is smaller
compared to that of wild-type animals, but they have no
other obvious abnormalities. While large cysts are readily
detectable in the thymus of undulated animals (Wallin et
al., 1996), we have not detected any cysts in the thymus of
kkt mice (N. Manley and S.-P. Yee, unpublished observa-
tions).
The mutation of undulated has been mapped to the Pax1
gene (Balling et al., 1988), which is localized to the distal
end of chromosome 2 (Fisher, 1943; Balling et al., 1988;
Dressler et al., 1988). FISH analysis showed that the trans-
gene in kkt mice has integrated in chromosome 2 at region
G3–H1. Comparison of the cytogenetic and genetic map
suggested that the transgene integration site is close to the
undulated locus. While we could not initially eliminate the
possibility that the Pax1 gene was disrupted in the kkt mice
ased on their chromosomal locations, a comprehensive
olecular analysis has clearly shown that Pax1 and its
expression are not altered in kkt mice. Furthermore, no
mutation was detected in the Pax1 coding sequence of kkt
mice, suggesting that the skeletal abnormalities in kkt
mice are not due to the lack of a functional Pax1 gene.
These results have led us to conclude that integration of the
transgene has disrupted the expression of a gene that is
important for skeletal development, and the disrupted locus
is close to the Pax1 gene.
The undulated mouse mutant Uns has a large deletion of
over 100 kb including the entire Pax1 locus (Wallin et al.,
1994; Dietrich and Gruss, 1995; Wilm et al., 1998). The
mutation is semidominant with obvious skeletal abnor-
malities in heterozygotes, while homozygous animals die
perinatally. The skeletal abnormalities of these mice are
se chromosome spreads were prepared from fibroblasts of E13.5
chromosome paint shows the transgene integrated in chromosome
zed at the border of the G band and the proximal end of the H band.apha
cificmore severe than the Pax1 knockout mice in which only
s of reproduction in any form reserved.
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364 Bialek, Chan, and Yeethe Pax1 gene has been inactivated. Furthermore, only
keletal elements or Pax1-expressing tissues are affected in
he Uns mutant (Wallin et al., 1994; Dietrich and Gruss,
995). Taken together, these results suggest that the disrup-
ion of another gene, or genes, is responsible for the more
evere phenotype observed in Uns mutant (Wilm et al.,
1998), and this gene, or genes, also plays an important role
in skeletal development. Since the kkt locus mapped close
to the Pax1 gene, and the two mutations do not comple-
ment each other, it is conceivable that the disrupted gene in
the kkt locus could be altered or deleted in Uns mice. This
s also supported by the fact that more severe abnormalities
re observed in the lower lumbar vertebrae of compound
eterozygous un1/2/kkt1/2 mice, and this is reminiscent of
the semidominant trait in Uns.
We have isolated host sequences flanking both ends of
the transgene cluster in kkt mice and have obtained PAC
lones containing both flanking sequences. These PAC
lones did not overlap with two BAC clones containing
bout 85 and 65 kb of genomic sequences flanking the Pax1
ene. These results further support our claim that the Pax1
ene is not altered in kkt mice and suggest that Pax1 and
kt are at least 65 kb apart. Furthermore, a reverse North-
rn analysis showed that the PAC sequence spanning the
ransgene integration sites contained a transcribed se-
uence, and that transcribed sequence was not detected in
omozygous kkt animals. Moreover, a Pax1 transcript was
etected in E13.5 homozygous kkt embryos, consistent
ith our finding that Pax1 is not affected by the insertional
utation. These results indicate that the lack of expression
f the disrupted gene in kkt mice is responsible for the
bserved skeletal abnormalities in kkt mice. However, they
o not exclude the possibility that Pax1 could play an
indirect role in the skeletal abnormalities observed in kkt
mice.
The skeletal abnormalities observed in the compound
heterozygous un1/2/kkt1/2 mice were characterized by bi-
lateral ossification centers and reduced acromion of the
scapula. The phenotype of the these mice was generally
similar to un, but milder than kkt. However, a split verte-
bral body which was far more severe than in either homozy-
gous un or kkt animals was detected in multiple lumbar
vertebrae. Interestingly, fusion of the sternebrae and
backward-pointing transverse processes of L6 were not
observed in the compound heterozygous neonates. These
observations indicated that these two mutations do not
fully complement each other. The lack of full complemen-
tation between two loci has been described previously in
yeast (Belanger et al., 1994; Berroteran et al., 1994; Fir-
menich et al., 1995), Caenorhabditis elegans (Varkey et al.,
993), and Drosophila (Regan and Fuller, 1990; Green et al.,
990). This phenomenon of nonallelic noncomplementa-
ion usually involves two affected gene products failing to
orm a normal functional complex.
A lack of complementation between two different muta-
ions has also been described in the mouse. The Far (firstarch) and lgGa (lidgap-Gates) mutations are associated with
Copyright © 2000 by Academic Press. All rightpen eyelids at birth, and both mutations are known not to
e allelic because they map to chromosomes 2 and 13,
espectively. However, Far/lgGa compound heterozygotes
display the “open eyelid” phenotype (Harris and Juriloff,
1998). Compound mutants of different members of the Hox
family of genes also show a lack of complementation, and
these animals often display a more severe phenotype (Horan
et al., 1995; Rancourt et al., 1995; Favier et al., 1996; Davis
and Capecchi, 1996; Manley and Capecchi, 1997; Chen et
al., 1998; Chen and Capecchi, 1997; Aubin et al., 1998). In
the Pax family of genes, expression of two family members,
Pax2 and Pax5, overlaps spatiotemporally in the midbrain
and cerebellum of the developing central nervous system.
When Pax5 mutant mice are bred with Krd mice, which
contain a deletion of the entire Pax2 locus, 80% of the
compound heterozygous animals display developmental
defects that are not present in Pax5 nor in krd heterozy-
gotes, and the remaining animals show a more severe
phenotype in their brain than observed in either homozy-
gous animal (Urbanek et al., 1997).
A model explaining the present results is that the dis-
rupted gene in the kkt locus and the Pax1 gene function
independently, but also interact with each other synergis-
tically in a dosage dependent manner to activate the expres-
sion of a different set of genes during skeletal development.
A possible mechanism is that the protein products of the
disrupted gene and Pax1 function independently in addition
to interacting with each other to form a complex that
functions to activate downstream genes. The expression of
a subset of genes that is activated by either gene product
alone should not be severely affected in compound het-
erozygotes, while reduced levels of the two gene products
would limit their ability to form a functional complex. In
addition, half of the Pax1 protein in the compound hetero-
zygote is defective in binding DNA. The defective Pax1
protein could therefore also act as a dominant negative
partner that interacts with the kkt product and further
reduce the amount of a functional complex. Since Pax1 is
haploinsufficient (Wilm et al., 1998), its ability to activate
downstream genes may be further compromised due to the
much reduced level of a functional complex. This would
account for the lack of complementation between the two
mutations, as well as the more severe phenotype in the
compound heterozygous animals.
While it is not yet known whether the Pax1 protein
interacts with other factors, or exists as part of a multipro-
tein complex, the products of other Pax family genes
interact with other factors. For instance, Pax6 can coopera-
tively dimerize on its target DNA sequence (Czerny and
Busslinger, 1995) and functions as a monomer or as a
heterodimer with Cdx-2/3, which binds to a promoter
element in the glucagon gene (Andersen et al., 1999; Ritz-
Laser et al., 1999). It has also been reported that Pax3
interacts with the pRB family of proteins (Wiggan et al.,
1998), as well as with HIRA, a mammalian homologue of
the yeast corepressor Hir1p and Hir2p, and in this context
s of reproduction in any form reserved.
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1998).
In conclusion, the kkt mutant mice described in this
eport represent a useful tool to investigate skeletal devel-
pment. Analysis of the disrupted gene in the kkt locus, and
ts functional relationship with the Pax1 gene, should help
o shed light on the molecular mechanisms underlying
keletal development. To better define the importance of
kt in skeletal development, studies are under way to
solate the affected gene.
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